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FOREWORD

This document is Book II, Part 2 of the Cycle 0 Study Report containing trade
studies and analyses performed by MMC in support of the Propulsion Working Group.
The work was performed under NASA Contract NAS8-37143 between May 1991 and
January 1992. This study was performed by Manned Space Systems, Martin Marierta
Corporation, New Orleans, Louisiana for the NASA/Marshall Space Flight Center.



INTRODUCTION

This report documents the propulsion system tasks performed in support of the
NLS Cycle 0 preliminary design activities. The report includes trades and analyses
covering the following subjects: 1) Maximum Tank Stretch Study; 2) No LOX Bleed
Performance Analysis; 3) LOX Bleed Trade Study; 4) LO2 Tank Pressure Limits; 5) LOX
Tank Pressurization System Using Helium; 6) STME Heat Exchanger Performance; 7)
LH2 Passive Recirculation Performance Analysis; 8) LH2 Bleed/Recirculation Study;
9) LH2 Tank Pressure Limits; 10) LH2 Pressurization System. For each trade study an
executive summary and a detailed trade study are provided. For the convenience of the
reader, a separate section containing a compilation of only the executive summaries is also
provided.
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1.0 SUMMARY -

The Maximum Tank Stretch Swdy, 3-P-001, was performed to investigate how much an
LH? tank can realistically be stretched to achieve more performance for the 1 1/2 stage NLS
vehicle. The areas examined were minimum length propulsion module (PM) concepts,
manufacturing facilities impacts associated with LH2 tank stretch and potential payload
performance improvements associated with a stretched tank 1 1/2 stage vehicle.

It was found that relaxation of some feedline geometry and routine constraints and
utilization of different feedline flex concepts could save about 69 inches in PM length and
allow a total of 11.9 ft. tank stretch (LO2 and LH2). This includes a 10.8 ft LH2 tank
stretch aft. This can be accommodated by the MAF manufacturing facilities without major
modifications. This can also provide a potental payload improvement of about 3000 1b for
the NLS 1 1/2 stage vehicle. ‘

Performance and configuration issues arising from this study addressed engine size and

* mixture ratio, PM structural arrangement, packaging, staging feedline gimballing and PM

length weight sensitivities. It was concluded and recommended that these issues should be
addressed in Cycle 1 studies before the benefits of a stretched tank option could be fully
evaluated.

2.0 OBJECTIVE
The objectives of the maximum ranks stretch study, 3-P-001, are twofold.

One of the study objectives is to determine the realistic limits on how much the LH2 tank
can be stretched to achieve more performance for the 1 172 stage NLS vehicle. It must be
determined how much the Main Propulsion System (MPS) can be shortened. This
translates into how much the LH2 tank can be stretched while retaining a propulsion
module design concept similar to the NLS reference. The manufacturing and facilities
impacts associated with stretching the LH2 tank must also be determined to define realistic
stretch limits. . :

The second study objective is to determine the 1 1/2 stage vehicle performance impacts
associated with a stretched LH2 tank. These performance impacts should assume that the
LO?2 tank is stretched slightly to hold engine mixture constant as the LH2 tank is stretched.

3.0 APPROACH

The approach taken in this study consisted of a three parallel path task flow as shown in
Figure 1. One set of tasks consisted of development of a minimum length MPS concept
and from that calculating parametric vehicle performance and analyzing the tank stretch
potential. A second set-of tasks were performed under another related contract study (3-5-
008A) and consisted of development of the MAF manufacturing and facilities impacts
associated with LH2 tank stretch. A third set of tasks consisted of development of a list of
technical issues associated with tank stretch and sensitivity analyses of parameters such as
vehicle weight and payload performance affected by these issues. The results of all three
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sets of tasks were coordinated to develop conclusions relative to tank stretch and a set of
recommendations for Cycle 1 were developed.

4.0 RESULTS
4.1 GROUND RULES AND ASSUMPTIONS

Certain constraints imposed by the NLS reference configuration were ground ruled for this
study. These included such items as engine location, a 4/2 PM, feedline geometry and
routing, prevalves and feedline disconnects similar to those baselined in the NLS reference
configuraton. '

Assumptions were developed to minimize the MPS length given the above constraints and
consistent with a Propulsion Module (PM) design similar to the NLS reference. These
assumptions included that the LH2 feedline to the boosters controls minimum length MPS,
minimum length contoured feedline outlets are used, 0° slope is minimum for all lines, 1.5
R/D is minimum for pipe bends and lengthy scissors ducts would not be used in feedlines
to accommodate engine gimballing.

4.2 MINIMUM LENGTH MPS

All effort to shorten the MPS was concentrated in shortening the length (Z axis) of the LH2
booster feedline. This length controls the minimum length routing of the MPS. The
baseline configuration uses scissors ducts at the engine inlets with pipe bends of R/D =2.5
and minimum line slopes of 15°. By changing the line slopes to 0° and pipe bends to R/D =
1.5, the MPS was shortened by 37 inches relative to the baseline. This reduction translates
into 37 inches of potential LH2 tank stretch. Replacement of the scissors ducts with 3 pipe
gimbal joints plus the 1.5 R/D bends and 0° slopes allows the MPS to be shortened 69
inches. This is the preferred concept provided motion analysis shows that adequate
clearance between lines is maintained during engine gimballing.

The use of Pressure Volume Compensated (PVC) ducts was also examined for potential to
shorten the MPS. PVC length is controlled by engine gimbal requirements with longer
PVC ducts required for larger gimbal angles. Use of PVC ducts can reduce the MPS
length by 39 to 72 inches depending on length of the PVC.

4.3 TANK LENGTH VS FACILITY IMPACTS

An examination of MAF manufacturing processes and facilities in study 3-S-008A

revealed several facility impacts relative 1o the ability to stretch the LH2 tank. It was found
that modifications necessary to stretch the LH2 tank up to 5 feet (NSL baseline) are minor.
Facility modifications necessary to swretch the LH2 tank from 5-11 feet are considered
significant but not major. To stretch 2 LH2 longer than 11 feet would require major
modifications to existing production facilities and some new facilites. It was found that
modification of certain one-of-a-kind facilities to accommodate LH2 tank stretch would be
critical facility impacts. Cell A (core tank stacking) and Cell E (internal LH2 clean/iridite) are
critical facilites. Cell A and Cell E have modification for tank stretch limits of 12 and 17 feet
respectively. Tank stretch beyond these limits would require a new cell.

The MAF cost impacts associated with these facility impacts were studied under a company
funded project. This cost study developed a cost impact vs LH2 tank stretch length that



increases in unique steps as various facilites are modified to accommodate increasing tank
length.

This cost trend reflects the facility modification break points at 11 ft and 17 feet of stretch
discussed above. -

4.4 SENSITIVITY ANALYSES

Using the preferred concept to shorten the propulsion module, preliminary vehicle weight
trends were developed to show the vehicle weight sensitivity to tank stretch. Tank weight
increased with stretch while propulsion module weight decreased with an overall result of
vehicle weight decreasing about 1134 1b /foot of tank stretch up to a stretch slightly less than
12 feet.

The payload performance of the 1 1/2 stage vehicle was examined as a function of tank stretch
and was found to increase in a non-linear fashion as the tanks are stretched. It was also found .
that increasing the engine thrust from the NLS baseline (580 KSL) to 640 K (SL) improved
performance and better utilized the stretch tank capabilites.

4.5 PAYLOAD PERFORMANCE

Payload performance of the 1 1/2 stage vehicle was calculated using the assumed vehicle
weight trends for three LH2 tank lengths, STD ET, NLS refr (+5 ft) and + 10 ft. The
length of the LO2 tank was adjusted to maintain an engine mixture ratio 6.0. Both the NLS
refr STME (580K) and a 640K engine thrust level were assumed. It was found that the
NLS 1 1/2 stage vehicle payload requirement of 50 K1b could be met by either a 10 ft
stretched vehicle with S80K engines ora 5 ft stretched vehicle (NLS ref.) with 640K
engines. Liftoff thrusy/weight is marginal (1.2) for the 10 f/580K vehicle. Itappears that
the NLS ref., length (5 ft swretch) with 640K engines is the better option.

5.0 TECHNICAL ISSUES

Technical issues that evolved from the 3-P-001 configuration and sensitivity studies can
begrouped into performance issues and configuration issues.

Performance issues include: 1) Engine mixture ratio (can stretching only the LH2 tank and
allowing engine mixture ratio to decrease improve stretched vehicle performance?); 2)
Engine out capabilility (Can engine out requirements be lessened to eliminate the need for
tank stretch?); 3) Increased engine thrust (should larger and more costly engines be used to
eliminate the need for tank stretch?); 4) PM Weight vs Length is not well defined (should

these analyses be refined?); and 5) 1 12 stage vehicle performance is extremely sensitive
to PM vs iength assumptions, ie, small changes in structure weight assumptions could
negate an potential performance gains from increased propellant load (should structure

weight assumptions be refined by more detailed design?)

Configuration issues include: 1) Boattail structural design (more detail is needed) 2)
How are feedlines structure, TVC and other systems packaged in a shortened PM?; 3)
Should external routing of LO2 feedlines be considered?; 4) Does the preferred 3 gimbal
joint feedline concept exceed current gimbal joint technology limits?; and 5) Can the rail
system used for the reference staging concept be used with 2 shortened boattail?



6.0 CONCLUSIONS AND RECOMMENDATIONS

The conclusions associated with tank stretch potential are: 1) The LH2 tank can be
stretched 10-11 feet without major facility impacts; 2) The LH2 tank can be stretched 10-11
feet without a major change in the feedline concept; 3) An LH2 tank stretch of 10 feet can
potentially provide a payload increase of about 3000 1b over the NASA 1 1/2 stage
reference vehicle; and 4 ) Issues associated with shortened boattail structural design and
packaging must be resolved to verify stretched tank performance improvements.

These conclusions do not address the issue of, “Is tank stretch the best performance
improvement option for the 1 1/2 stage vehicle or are other options such as increased
engine thrust worthy of consideration?”

The following recommendations relevant to stretched tanks were developed from the results
of this study. Recommendations for cycle 1 study are:

1) Analyze and develop a minimum length PM concept taking into account
structural arrangement, packaging, staging, MPS arrangement, and feedline
gimballing limits.

2) Calculate minimum length PM mass properties and payload performance of a
stretched tank/minimum length PM vehicle.
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1.0 SUMMARY

The Maximum Tank Stretch Swdy, 3.p-001, was performed to investigate how much an
LH2 tank can realistically be stretched to achieve more performance for the 1 1/2 stage NLS
vehicle. The areas examined were minimum length propulsion module (PM) concepts,
manufacturing facilities impacts associated with LH2 tank strewch and potential payload

performance improvements associated with a stretched tank 1 1/2 stage vehicle.

It was found that relaxation of some feedline geometry and routine constraints and
utilization of different feedline flex concepts could save about 69 inches in PM length and
allow a total of 11.9 ft. tank stretch (LO2 and LH2). This includes a 10.8 ft LH2 tank
stretch aft. This can be accommodated by the MAF manufacturing facilities without major
modifications. This can also provide a potential payload improvement of about 3000 Ib for
the NLS 1 1/2 stage vehicle.

Performance and configuration issues arising from this study addressed engine size and

mixture ratio, PM structural arrangement, packaging, staging feedline gimballing and PM
length weight sensitivities. 1t was concluded and recommended that these issues should be

=

addressed in Cycle 1 studies before the benefits of a strerched tank option could be fully
evaluated.

2.0 OBJECTIVE
The objectives of the maximum tanks stretch study, 3-P-001, are twofold.

One of the study objectives is 10 determine the realistic limits on how much the LH2 tank
can be stretched to achieve more performance for the 1 1/2 stage NLS vehicle. It must be
determined how much the Main Propulsion System (MPS) can be shortened. This
wranslates into how much the LH?2 tank can be stretched while retaining a propulsion
module design concept similar to the NLS reference. The manufacturing and facilites
impacts associated with stretching the LH2 tank must also be determined to define realistic
stretch limits. :

The second study objective is to determine the 1 1/2 stage vehicle performance impacts
associated with a stretched LH?2 tank. These performance impacts should assume that the
LO?2 tank is stretched slightly to hold engine mixture constant as the LH2 tank is stretched.

3.0 APPROACH

The approach taken in this study consisted of a three parallel path task flow as shown in
Figure 1. One setof tasks consisted of development of a minimum length MPS concept
and from that calculating parametric vehicle performance and analyzing the tank stretch
potential. A second set of tasks were performed under another reiated contract study (3-S-
008A) and consisted of development of the MAF manufacturing and facilities impacts
associated with LH2 tank srretch. A third set of tasks consisted of development of a list of
technical issues associated with tank stretch and sensitivity analyses of parameters such as
vehicle weight and payload performance affected by these issues. The results of all three

1



sets of tasks were coordinated to develop conclusions relative to tank stretch and a set of
recommendations for Cycle 1 were developed.

4.0 RESULTS
4.1 GROUND RULES AND ASSUMPTIONS

Certain constraints imposed by the NLS reference configuration were ground ruled for this
study. These included such items as engine location, a 4/2 PM, feedline geometry and
routing, prevalves and feedline disconnects similar to those baselined in the NLS reference

configuration.

Assumptions were developed to minimize the MPS length given the above constraints and
consistent with a Propulsion Module (PM) design similar to the NLS reference. These
assumptions included that the LH2 feedline to the boosters controls minimum length MPS,
minimum length contoured feedline outlets.are used, 0° slope is minimum for all lines, 1.5
R/D is minimum for pipe bends and lengthy scissors ducts would not be used in feedlines
to accommodate engine gimballing. .

4.2 MINIMUM LENGTH MPS

All effort to shorten the MPS was concentrated in shortening the length (Z axis) of the LH2
booster feedline. This length controls the minimum length routing of the MPS. The
baseline configuration uses scissors ducts at the engine inlets with pipe bends of R/D =2.5
and minimum line slopes of 15°. By changing the line slopes to 0° and pipe bends 10 R/D =
1.5, the MPS was shortened by 37 inches relative to the baseline. This reduction ranslates
into 37 inches of potential LH2 tank stretch. Replacement of the scissors ducts with 3 pipe
gimbal joints plus the 1.5 R/D bends and 0° slopes allows the MPS to be shortened 69
inches. This is the preferred concept provided motion analysis shows that adequate
clearance between lines is maintained during engine gimballing.

The use of Pressure Volume Compensated (PVC) ducts was also examined for potential to
shorten the MPS. PVC length is controlled by engine imbal requirements with longer
PVC ducts required for larger gimbal angles. Use of PVC ducts can reduce the MPS
length by 39 to 72 inches depending on length of the PVC.

4.3 TANK LENGTH vS FACILITY IMPACTS

An examination of MAF manufacturing processes and facilities in study 3-S-008A

revealed several facility impacts relative to the ability t0 stretch the LH2 tank. It was found
that modifications necessary to stretch the LH2 tank up to 5 feet (NSL baseline) are minor.
Facility modifications necessary 10 stretch the LH2 tank from 5-11 feet are conside
significant but not major. To strercha LH?2 longer than 11 feet would require major
modifications to existing production facilities and some new facilities. It was found that
modification of certain one-of-a-kind facilities t0 accommodate LH2 tank stretch would be
critical facility impacts. Cell A (core tank stacking) and Cell E (internal LH2 cleanfiridite) are
critical facilines. Cell A and Cell E have modification for tank soetch limits of 12 and 17 feet
respectively. Tank stretch beyond these limits would require a new cell.

The MAF cost impacts associated with these facility impacts were studied under a company
funded project. This cost study developed a cost impact vs LH2 tank stretch length that

2



increases in unique steps as various facilities are modified to accommodate increasing tank
length.

This cost trend reflects the facility modification break points at 11 ft and 17 feet of stretch
discussed above. ..

4.4 SENSITIVITY ANALYSES

Using the preferred concept to shorten the propulsion module, preliminary vehicle weight

trends were developed to show the vehicle weight sensitivity to tank stretch. Tank weight

increased with stretch while propulsion module weight decreased with an overall result of

\lrczzhticlc weight decreasing about 1134 1b /foot of tank stretch up to a stretch slightly less than
ect.

The payload performance of the 1 1/2 stage vehicle was examined as a function of tank stretch
and was found to increase in a non-linear fashion as the tanks are stretched. It was also found .
that increasing the engine thrust from the NLS baseline (580 KSL) to 640 K (SL) improved
performance and better utilized the stretch tank capabilities.

4.5 PAYLOAD PERFORMANCE

Payload performance of the 1 1/2 stage vehicle was calculated using the assumed vehicle
weight trends for three LH2 tank lengths, STD ET, NLS refr (+5 ft) and + 10 ft. The
length of the LO2 tank was adjusted to maintain an engine mixuure ratio 6.0. Both the NLS
refr STME (580K) and a 640K engine thrust level were assumed. It was found that the
NLS 1 172 stage vehicle payload requirement of 50 Kb could be met by either a 10 ft
stretched vehicle with 580K enginesoras £t stretched vehicle (NLS ref.) with 640K
engines. Liftoff thrust/weight is marginal (1.2) for the 10 ft/580K vehicle. It appears that
the NLS ref., length (5 ft stetch) with 640K engines is the better option.

5.0 TECHNICAL ISSUES

Technical issues that evolved from the 3-P-001 configuration and sensitivity studies can
begrouped into performance issues and configuration issues.

Performance issues include: 1) Engine mixture ratio (can stretching only the LH2 tank and
allowing engine mixture ratio to decrease improve stretched vehicle performance?); 2)
Engine out capabilility (Can engine out requirements be lessened to eliminate the need for
tank stretch?); 3) Increased engine thrust (should larger and more costly engines be used to
eliminate the need for tank swetch?); 4) PM Weight vs Length is not well defined (should
these analyses be refined?); and 5) 1 1/2 stage vehicle performance is extremely sensitive
to PM vs length assumptions, ie, small changes in structure weight assumptions could
negate an potential performance gains from increased propellant load (should structure

weight assumptions be refined by more detailed design?)

Configuration issues include: 1) Boattail structural design (more detail is needed) 2)
How are feedlines structure, TVC and other systems packaged ina shortened PM?; 3)
Should external routing of LO2 feedlines be considered?; 4) Does the preferred 3 gimbal
joint feedline concept exceed current gimbal joint technology limits?; and 5) Can the rail
system used for the reference staging concept be used with a shortened boattail?



6.0 CONCLUSIONS AND RECOMMENDATIONS

The conclusions associated with tank stretch potential are: 1) The LH2 tank can be
swetched 10-11 feet without major facility impacts; 2) The LH2 tank can be stretched 10-11
feet without a major change in the feedline concept; 3) AnLH2 tank stretch of 10 feet can
potentially provide a payload increase of about 3000 1b over the NASA 1 1/2 stage
reference vehicle; and 4) Issues associated with shortened boattail structural design and
packaging must be resolved to verify stetched tank performance improvements.

These conclusions do not address the issue of, “Is tank stretch the best performance
improvement option for the 1 1/2 stage vehicle or are other options such as increased
engine thrust worthy of consideration?”

The following recommendations relevant to stretched tanks were developed from the results
of this study. Recommendations for cycle 1 study are:

1) Analyze and develop 2 minimum length PM concept taking into account
structural arrangement, packaging, staging, MPS arrangement, and feedline
gimballing limits.

2) Calculate minimum length PM mass properties and payload performance ofa
stretched tank/minimum length PM vehicle.
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3.P-039

ngelect LH2 tank pressurization system (pased on pressureé limits trom 3;P-038)
and specified reference trajectories, and considering safety, reliabllity, gperabilny.
simplicity, possible integration with the core RCS system, weignt including residuals,

and cost.”

work Statement

The unquestionable advantages of using wam hydrogen gas to pressurize the
LH2 tank and the potentlal use of hydrogengas as roll control propellant reduce this
study to one of evaluating the advantages of warmer hydrogen s @ pressurant, the
possiblitty of obtaining warmer hydrogen from the STME, & control system gvaluation,
and evaluation of the pressurant diffuser for this system. The study should consider
the flow within the pressurant lines and ditfuser for both 1 1/2 stage and HLLYV, and the
manitolding configuration to allow use of hydrogen tor roll control.

Computs tank well temperatures and pressurant welghts for pressurant
temperatures of 0, 100, and 200 °F. In task 3-P-038, evaluate tank pressure capabillly
sor Increased tank wall temperature. With the STME project. evaluate the teasibillty of
obtaining higher temperaturé pressurant from the STME. Obtain control impulse
requirements from vehicle dynamics studies 3-FM-028 Ggnerate FCS Hequirements."
Compare required impulse with impuise avallable from hydrogen bled from
pressurizaticn system. Evaluate rellability oitects of this increased control system
complexity. Compute flow parametsrs of pressurant lines and pressurant diffuser and
attitude control manifolds. Compute system cost and compare with independent
reaction control system (RCS) cost.

Input Peta

Control impulse requirements {rom a-FM-028 “Generate FCS Requirements.”
Engine characteristics regarding bleed flow téﬁperatu(e'é a\;'iailable. '

LH2 tank pressure limits data from task 3-P-038.

Tank wall temperaturé mode! from MMC-Operations (D. vaughn).

Tank well heat fluxes from task 3-FM-005.

Products

Study results showing advantages/disadvantagas of pressurant temperatures
-form 0-200 °F.



Evaluation of use of H2 for attitude cont
advantages/disadvantagee. reliabllity, ope

size and manifolding requirements for pres

Line

7/11/91

rol ys. separate RCS with regard to

rability, cost.

surlzetion/RCS system.



jopows dus
o “jleay 13
fiem Hue ZH 3
. waisg ‘ssad
el BT VT
6c0-d€
aTe ‘NS e .
vEO-NLE spms | ™® @
.-.N.»«_: : hv‘ll. anpey/pada ZH
yeods | .@
sywir) amssad /@
wuey ZH .........ﬂ_...._.
@‘l.ll 8£0~d € Wuis AMLS
. . @) wea SIS94. "2
- CaD @ e R
Y | :
_m..!h pep opaeL
opemnbyuod -sibey
WEPN  fa——|  ouipsd TH] C T .
100-d€ 3 TH IS
“abey 1504 l\ms,w
) qosid IS
SIMADIN]
: oISt sihppuy | g A
fpms - _B_uﬂm ‘\® @A\ vopEnIIY <
opuil WOA TH SujuoPpuo) , Kmaqsea-d aapsed ZH1
0903t . juegadoad ZH U
. (T

.. NOILINIE3aIs

)

MO INdoud IvIivod



v v V

SWN_ .>AS 3OVdS GINNVIN ) mm
V.LLIIHYWN NILEVI  6d Bure}

.

-K10123(el} 30ua13}31 dY) 104 ajjoid ainssaid juel gH1 j0 sisAjeue
Areurwgjaad e si (}O1417] WOl dwitl "SA ainssald abejin yuel ZH1) ainby siyL



94'LTdVSTNBHLTA0E 2]

. (04S) “(0—L) JA0LAIT WOUd FNLL
‘006G 00V . ‘00t ‘002 ‘001 00
1 | !

] | . 1 1 1 1 | | 1 1

$us so0eywiq) ¥ = 3UIA0|} SEUN

A .

‘GE

oY

GY

0%

B3

09

"'G9

0L

(VIsd) 34nSsIdd FHVTIA INVL SHT

TY

PAQE IS

OF POCR QUALI

"ORIGINAL






